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A Temperature-Dependent Switch from Chaperone to
Protease in a Widely Conserved Heat Shock Protein
chaperone activity contributes to the efficiency of prote-
olysis. If prior to proteolysis, misfolded substrate is re-
leased from the chaperone domain, refolding into a pro-
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tease-resistant, and possibly native, conformation canUniversitaÈ t Konstanz
occur. Irreversibly damaged substrates will be bound78457 Konstanz
by the protease subunit for degradation. A subunit orga-Germany
nization allowing a clear separation of chaperone and
proteolytic activities was shown for Clp protease. The
protease (ClpP) and chaperone (ClpA or ClpX) activitiesSummary
reside in separate subunits that constitute a heterolig-
omeric complex (Glover and Lindquist, 1998). Other ex-Misfolding or unfolding of polypeptides can occur as
amples are proteases cooperating with classical heata consequence of environmental stress and spontane-
shock chaperones such as Hsp40 and Hsp70 (Savel'evous mutation. The abundance of general chaperones
et al., 1998).and proteases suggests that cells distinguish between
Bacteria respond to the presence of misfolded cellproteins that can be refolded and ªhopelessº cases
envelope proteins via the RpoE- and CpxAR-dependentfated to enter the proteolytic pathway. The mecha-
signal transduction pathways, leading to elevated ex-nisms controlling this key metabolic decision are not
pression of folding catalysts (DsbA, PpiA, FkpA) andwell understood. We show here that the widely con-
DegP (Pogliano et al., 1997). The activity of the alterna-served heat shock protein DegP (HtrA) has both gen-
tive sigma factor RpoE is stimulated by heat shock anderal molecular chaperone and proteolytic activities.
the overproduction or misfolding of cell envelope pro-The chaperone function dominates at low tempera-
teins (Missiakas and Raina, 1998). CpxAR represents atures, while the proteolytic activity is present at ele-
two-component regulatory system of which CpxA is thevated temperatures. These results show that a single
sensor kinase and CpxR is the response regulator (Dongcellular factor can switch between two key pathways,
et al., 1993; Pogliano et al., 1997).controlling protein stability and turnover. Implications
The heat shock protein DegP (Lipinska et al., 1988;of this finding for intracellular protein metabolism are
Strauch and Beckwith, 1988) is controlled by both ofdiscussed.
the RpoE and Cpx pathways. DegP is part of a large
family of related serine proteases, members of which are
Introduction found in most organisms, including humans. Bacterial
DegP has been implicated in thermal, osmotic, and pH
The stability of proteins depends on proper folding and tolerance and H2O2 resistance. In addition, DegP seems
environmental or cellular factors interfering with the to be involved in bacterial virulence, since degP null
folded state. Mis- or unfolding events are monitored by mutants of several pathogenic bacteria such as Salmo-
specialized proteins, chaperones, and proteases. These nella thyphimurium, Brucella abortus, and Yersinia en-
quality control elements can either repair or remove terocolitica are attenuated (for review, see Pallen and
unfolded polypeptides. Some of the most prominent chap- Wren, 1997). Mature DegP has 448 residues of which
erones and proteases are widely conserved heat shock His-105, Asp-135, and Ser-210 are postulated to be the
proteins that are overexpressed at high temperatures catalytic triad residues (Rawlings and Barrett, 1994). At
or other stress conditions (Lindquist and Craig, 1988). its C terminus, DegP has two PDZ domains initially iden-
Molecular chaperones recognize hydrophobic domains tified in eukaryotic proteins. PDZ domains, which medi-
that are surface exposed in the nonnative state. These ate protein±protein interaction, are found in some other
proteins allow single or, if necessary, multiple steps of bacterial proteases such as Tsp, Hsl, and Clp (Hsp100).
noncovalent binding and release of polypeptides. Their It has been demonstrated for ClpX that PDZ domains
alone are capable of substrate recognition and bindingmain task is to prevent aggregation and assist in either
(Levchenko et al., 1997).proper folding or targeting of substrates to one of the
We have identified a natural substrate of DegP: themany proteases (for review, see Bukau and Horwich,
periplasmic MalS protein of E. coli (Freundlieb and Boos,1998). In some cases, chaperones are also involved in
1986; Schneider et al., 1992). MalS belongs to the a-amy-targeting to a secretion apparatus. Proteases remove
lase family and hydrolyzes a-(1,4) glycosidic linkages inpolypeptides that have failed to fold properly or have
long maltodextrins. MalS has two intramolecular disul-not remained in the folded state (Gottesman, 1996).
fide bonds formed between Cys-40 and Cys-58 andEven though chaperones and proteases carry out an-
between Cys-104 and Cys-520 (Spiess et al., 1997). Wetagonistic reactions, they are expected to share com-
show here that at low temperatures, DegP stimulatesmon features because their substrates are similar. Also,
folding of MalS, whereas at high temperatures, mis-chaperone functions have been detected for some pro-
folded MalS is degraded by DegP. The proteolytic activ-teases (Gottesman et al., 1997). It is thought that this
ity of purified DegP is significantly reduced at low tem-
peratures. The general chaperone activity of DegP was
shown in in vitro refolding assays using MalS and citrate* To whom correspondence should be addressed (e-mail: michael.
ehrmann@uni-konstanz.de). synthase as substrates. Furthermore, we show that the
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Table 1. MalS Activity in dsbA::kan Mutants
Relevant MalS Activity
Strain Genotype (nmol/mg 3 min)
288C 378C
CS10 wild type 3.1 2.0






MalS activity was assayed in whole cells. malS and degPS210A were
expressed from pUMA103 and pCS10, respectively. NA is not appli-
cable, since the degP mutants grew only poorly at 378C.
Figure 1. Expression and Solubility of MalS in Various dsbA and
degP Mutants
Western blot of periplasmic and pellet fractions of osmotically
chaperone activity of DegP is sufficient to suppress fold- shocked cells of strains CS10 (wt), CS6 (dsbA), CS49 (dsbA degP),
ing stress in the periplasm and the temperature sensitiv- and CS49pCS10 (dsbA degP pdegPS210A) expressing malS from
ity (Ts) of DegP null strains. Therefore, DegP switches pUMA103 after overnight growth in minimal medium 9 supple-
mented with 0.2% casamino acids. To detect MalS, polyclonal anti-between molecular chaperone and proteolytic activities
sera against MalS were used. The positions of oxidized (ox.) andin a temperature-dependent manner.
reduced (red.) forms of MalS are indicated.
Results
Uhland et al., submitted). In agreement with this fact,
properly folded MalS was released by cold osmotica-Amylase Activity of Periplasmic MalS Is Reduced
in dsbA Mutants shock from wild-type cells. In dsbA mutant background,
most of the oxidized form of MalS was present in theTo identify cellular factors involved in the biogenesis of
MalS, we determined MalS activity in dsbA knockout supernatant, and smaller amounts of oxidized and re-
duced MalS were found in the pellet fraction. This wasmutants. dsbA encodes a periplasmic oxidoreductase
involved in disulfide bond formation (Bardwell et al., in agreement with the previous finding that nearly 60%
of MalS activity was detected in dsbA mutants in com-1991). During growth at 378C, MalS activity of whole
cells was 20-fold reduced in the dsbA mutant. However, parison to wild-type cells after growth at 288C (Table 1).
In dsbA degP double null mutants, only reduced MalSwhen cells were grown at 288C, MalS activity was only
reduced 2-fold (Table 1). These results indicated that was detected. As expected, misfolded MalS was found
in the pellet fraction of shocked cells. These resultsunder normal growth conditions, MalS activity was de-
pendent on the presence of DsbA. At low temperatures, indicated that DegP may be involved in the folding of
MalS in dsbA mutants at low temperatures. To obtainanother cellular factor may compensate for the absence
of DsbA activity. further evidence for a potential chaperone activity of
DegP, we expressed a proteolytically inactive variant ofWe carried out a pulse-chase experiment to examine
whether disulfide bond formation in MalS is dependent degP (degPS210A) in dsbA degP double null mutants. In
this strain, a fraction of MalS could fold into the oxidizedon DsbA. In cells grown at 378C, MalS was present in
its oxidized form when expressed in the dsbA1 strain and soluble form, since it fractionated with the superna-
tant of shocked cells. These results were supported byCS10. In dsbA mutant strain CS6, malS was expressed
in lower amounts and almost exclusively in its reduced assaying amylase activity. In dsbA degP double null
mutants, MalS activity was 30-fold lower as comparedform. In addition, malS was unstably expressed in the
dsbA mutant, indicating that DsbA function was required to wild-type strains and 18-fold reduced as compared
to dsbA mutants. In dsbA degP double null mutantsfor a critical step in MalS folding. At 288C, we detected
both the oxidized and the reduced forms of MalS in the expressing degPS210A, MalS activity was increased 11-
fold over the dsbA degP double mutant backgrounddsbA mutant strain (data not shown).
(Table 1).
Misfolded MalS Is a Substrate of DegP In Vivo
Since DegP is known to degrade misfolded cell envelope Refolding Assay of Reduced and Denatured MalS
Since the in vivo data did not allow distinction betweenproteins, we assayed expression of malS in degP mutant
background. These experiments were performed with direct or indirect effects of DegP on folding of MalS,
we established an in vitro refolding system based oncells grown at 288C because degP null mutants cannot
grow at elevated temperatures. Since we have shown purified components. We found earlier that signal-
sequenceless malS is expressed in reduced and inactiveearlier that reduced MalS aggregates in vitro (Spiess et
al., 1997), we investigated the solubility of periplasmic form in the cytoplasm (Prinz et al., 1996). This form of
MalS was suitable for in vitro refolding experiments. TheMalS in various strain backgrounds (Figure 1).
After cold osmotic shock, soluble periplasmic pro- reduced form of signal-sequenceless MalS was purified,
and refolding was tested between pH 6 and 8.7. Underteins are released to the supernatant of shocked cells
(Neu and Heppel, 1965). Aggregated periplasmic pro- these conditions, MalS refolded efficiently above pH 7.5.
The presence of glutathione had a stimulating effect,teins are found in the pellet fraction (Betton et al., 1998;
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and subsequently degrade properly folded MalS can be
excluded, since we detected that properly folded MalS
was no substrate of DegP (data not shown).
Characterization of the Protease Activity of DegPFigure 2. Conditions for Refolding of Chemically Denatured MalS
So far our results have indicated that wild-type DegPSignal-sequenceless, reduced MalS was purified in 8 M urea. Re-
folding was initiated by dilution in buffers of the indicated pH and has molecular chaperone activity at low temperatures
the presence or absence of glutathione (GSH/GSSG) and/or DsbA. and proteolytic activity at elevated temperatures. To
Refolding was done at 288C. Formation of disulfide bonds was moni- obtain quantitative data for the temperature depen-
tored on 10% SDS-PAGE followed by Coomassie brilliant blue stain-
dence of the proteolytic DegP activity, we used resoru-ing. The positions of oxidized (ox.) and reduced (red.) forms of MalS
fin-labeled casein as a substrate. Proteolytic activityare indicated.
was assayed between 48C and 428C, using purified
DegP. Below 228C, DegP was proteolytically inactive.
At 288C, DegP was 8-fold less active than at 428C, andwhile the addition of DsbA did not increase the effect
of glutathione (Figure 2). The presence of p-nitrophenyl- a major increase in proteolytic activity was observed
between 328C and 428C (Figure 4A). This finding ex-hexaoside, a substrate of MalS, completely inhibited
refolding into the enzymatically active form (data not plained the temperature-dependent degradation of MalS
in the in vitro refolding assays (Figure 3B). To furthershown). Also, the presence of DTT in these assays did
not allow refolding of MalS, indicating that MalS requires investigate the temperature dependence of the proteo-
lytic DegP activity and to verify that DegPS210A is indeeddisulfide bond formation for folding. Therefore, disulfide
bond formation can be used, in addition to assaying proteolytically inactive, we coincubated denatured MalS
and DegP under reducing conditions, in the presenceamylase activity, as a monitor for refolding of MalS.
of 30 mM DTT, over the whole temperature range. Essen-
tially the same results were obtained as for resorufin-The Effect of DegP and DegPS210A on the Refolding
of MalS In Vitro labeled casein. As documented for selected samples
(Figure 4B), wild-type DegP degraded MalS at 378C andWe carried out refolding of reduced and denatured MalS
in the presence of purified wild-type DegP and the pro- 428C. At 288C, incomplete degradation of MalS was ob-
served that was in agreement with the lower proteaseteolytically inactive DegPS210A mutant (Figure 3). DegP
and DegPS210A were directly added to the refolding activity detected when using resorufin-labeled casein
as a substrate. As expected, DegPS210A did not degradeassays. At 288C, both DegP and DegPS210A stimulated
refolding of MalS more efficiently than glutathione. The denatured MalS.
To initially address the possibility that the temperatureaddition of equimolar concentrations of BSA did not
stimulate refolding of MalS (Figure 3A). At 378C and dependence of DegP function could be related to DegP
itself, we carried out fluorescence spectroscopy (Figure428C, DegPS210A also stimulated refolding of MalS. In the
presence of wild-type DegP, degradation of reduced 4A). DegP has no Trp residues but five Tyr residues.
Using an excitation wavelength of 280 nm, a tempera-MalS was observed and the total amount of MalS was
lower compared to samples containing DegPS210A (Figure ture-dependent and DegP-specific change in emission
was observed at 308 nm. This change did not occur3B). These results indicated that wild-type DegP has
chaperone activity at low temperatures and protease linearly, and the major change was detected at tempera-
tures where protease activity is induced. Even thoughactivity at elevated temperatures. At 428C, the amount
of oxidized MalS was the same in samples containing further experiments are required to understand the
mechanism of temperature-dependent protease activ-glutathione and wild-type DegP, respectively, suggesting
that wild-type DegP did not refold MalS under these ity, these data suggest that the answer to this question
may include a conformational change in DegP.conditions. The explanation that DegP could first refold
Figure 3. Refolding of Chemically Denatured
MalS in the Presence of DegP and DegPS210A
(A) Refolding of signal-sequenceless, re-
duced MalS was done at 288C either in the
absence or presence of oxidants (GSH/
GSSG) or equimolar concentrations of pro-
teolytically inactive DegP (DegPS210A), BSA, or
wild-type DegP. The additional band migrat-
ing slightly above the oxidized form of MalS
in the BSA control does not represent a form
of MalS but was present in the added BSA
fraction.
(B) Refolding of MalS was done at the indi-
cated temperatures either in the absence or
presence of oxidants (GSH/GSSG) or equi-
molar concentrations of wild-type DegP or
DegPS210A. Denatured MalS was directly
added into refolding buffer containing either GSH/GSSG, DegPS210A, or DegP. Formation of disulfide bonds was monitored on 10% SDS-PAGE
followed by Coomassie brilliant blue staining. The positions of oxidized (ox.) and reduced (red.) forms of MalS are indicated.
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Figure 6. Refolding of Chemically Denatured Citrate Synthase in the
Presence of DegPS210A
Pig heart citrate synthase was denatured in guanidinium hydrochlo-
ride. Refolding assays were carried out at 288C either spontaneously
(circles) or in the presence of equimolar concentrations of wild-type
DegP (diamonds) or DegPS210A (squares). Citrate synthase activity
was determined at the time points indicated. (a) Specific activity of
citrate synthase is given as mmol coenzyme A formed/mg 3 min.
comparing the recovery of amylase activity after refold-
ing at 288C, 378C, and 428C, only about one-third of
Figure 4. Temperature Dependence of Proteolytic Activity of DegP amylase activity was detected at 378C and 428C com-
(A) The activity of purified DegP was assayed between 48C and 428C pared to 288C, indicating that folding at elevated temper-
using resorufin-labeled casein. Emission fluorescence spectra for atures was less productive.
DegP were taken at the temperatures indicated. The excitation
To investigate whether DegP has a general molecularwavelength was 280 nm, and DegP-specific emission was observed
chaperone activity, we tested whether DegPS210A canat 308 nm.
stimulate refolding of nonnatural substrates, such as(B) Proteolytic activity of purified wild-type DegP and proteolytically
inactive DegP (DegPS210A) was determined under reducing condi- citrate synthase that is widely used in refolding assays.
tions, in the presence of 30 mM DTT, at 288C, 378C, and 428C using The results showed that citrate synthase, like MalS, can
chemically denatured signal-sequenceless MalS as a substrate. In- be refolded by DegP (Figure 6). We also used b-galac-
cubation time was either 1 or 5 hr. Degradation of MalS was moni-
tosidase (b-gal) that was denatured with guanidiniumtored on 10% SDS-PAGE followed by Coomassie brilliant blue
hydrochloride, leading to aggregation of the unfoldedstaining.
protein (Nichtl et al., 1998). The yields of refolded b-gal
were low, but the effect of DegP was at least as strongCharacterization of the Chaperone Activity
as for the other tested substrates (data not shown).of DegPS210A We conclude from these data that DegP has a generalTo further characterize the chaperone activity of DegP,
molecular chaperone activity.we carried out a titration experiment for the refolding
Additional in vivo evidence for the general molecularof MalS in the presence of DegPS210A (Figure 5). When
chaperone activity of DegP was obtained by investigat-
ing the Ts phenotype of degP null mutants. If the chap-
erone activity of DegP is sufficient to reduce folding
stress caused by elevated temperatures, the expression
of degPS210A should suppress the temperature sensitivity
of degP null strains. Colony formation of degP null mu-
tants expressing degPS210A at 448C indicated that the
chaperone activity of DegP was sufficient to rescue the
cell from thermal folding stress (Figure 7). However,
compared to wild-type degP, a higher level of degPS210A
expression was required for complementation. We quanti-
tated the amount of DegP on a Western blot using cells
grown at 448C expressing wild-type degP and degPS210A
from pCS20 and pCS21, respectively, induced with 10
Figure 5. Refolding of MalS in the Presence of Various Concentra- and 50 mM IPTG. The amount of DegPS210A was equal to
tions of DegPS210A the amount of DegP at 10 mM isopropyl-b-D-thiogalacto-
Refolding of chemically denatured signal-sequenceless and re- pyranoside (IPTG) and about 3.5-fold higher at 50 mM
duced MalS was done at 288C (closed circles), 378C (open circles), IPTG (data not shown). Therefore, we suspect that the
and 428C (triangles) in the absence of oxidants and in the presence of
proteolytic activity of DegP has a greater effect onvarious concentrations of proteolytically inactive DegP (DegPS210A).
growth at elevated temperatures than the chaperoneSpecific amylase activity is given as nmol PNP6 hydrolyzed/mg 3
min. activity.
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Table 2. b-Gal Activity of Transcriptional lacZ Fusions to degP
















pmalSFigure 7. Characterization of DegP Deletion Derivatives
pdegPS210A
The domain structure of DegP is shown schematically. Numbers PND2000 l[degP-lacZ] 75
indicate the amino acids flanking the relevant domains of mature pmalS
DegP. Constructs were tested for the following abilities:
b-gal activity of strains expressing degP-lacZ fusions after growth(a) To complement the Ts phenotype degP null mutant strain CLC198
at 288C. When indicated (pmalS), malS was overexpressed fromat 448C. Complementation was monitored as the ability to form
pUMA103. One hundred percent corresponds to 1.7 mmol ONPGsingle colonies on rich medium plates after overnight growth. Ex-
hydrolyzed/min 3 mg of cellular protein.pression of degP derivatives from plasmids was under control of
the tac promoter and was induced by IPTG. 111 indicates comple-
mentation occurred at 10 mM IPTG; 11, 50 mM IPTG, 1, 100 mM
IPTG; 2, no complementation was detected. Chaperone and Proteolytic Activities
(b) To degrade resorufin-labeled casein. 111 indicates activity of
of DegP Deletion Constructswild-type DegP; 1, 5% activity compared to wild-type DegP; 2,
To obtain an initial idea of which domains of DegP are,0.1% activity. The whole temperature range given in Figure 4 was
important for its activities, we generated several deletiontested. *, DegPDPDZ1 was proteolytically inactive at or above 378C.
(c) To degrade chemically denatured signal-sequenceless MalS constructs. We deleted PDZ domains 1 and 2 individu-
treated with 30 mM DTT at 378C. 111, degradation was complete ally (termed DPDZ1 and DPDZ2, respectively) and to-
after 15 min; 1, after overnight incubation; 2, no degradation ob- gether (DPDZ112). When testing the ability to comple-
served after overnight incubation.
ment the Ts phenotype of a degP null strain, DPDZ2(d) To refold chemically denatured signal-sequenceless MalS under
complemented the Ts phenotype but DPDZ112 andconditions of Figure 5. 111, yields of amylase activity comparable
DPDZ1 did not (Figure 7). We subsequently tested theto wild-type DegP; 11, similar yields of amylase activity were ob-
tained at 1.5- to 4-fold higher DegP concentrations; 2, recovery of proteolytic activity of the purified proteins using resoru-
amylase activity comparable to background levels in the absence fin-labeled casein and chemically denatured MalS as
of DegP. na, not applicable, since the protease domain was deleted. substrates. While the deletion of both PDZ domains
leads to a complete loss of protease activity, the DPDZ1
and DPDZ2 constructs had 5% protease activity com-The Chaperone Activity of DegP Affects
the Regulation of degP Transcription pared to wild-type DegP when using resorufin-labeled
casein as a substrate. MalS was only degraded by theThe general molecular chaperone activity of DegP could
have a positive effect on the solubility or the folded state DPDZ2 derivative and not by DPDZ1 and DPDZ112.
These data indicate the importance of the PDZ domainsof periplasmic proteins and could thus reduce the Sigma
E± and CpxAR-mediated stress response. This effect for protease function of DegP. When investigating the
temperature dependence of the proteolytic activity, theshould lead to lowered degP promoter activity. We fol-
lowed the activity of the degP promoter by assaying the DPDZ2 derivative behaved as wild-type DegP. The
DPDZ1 construct exhibited a maximum activity nearb-gal activity in derivatives of strain PND2000 carrying
a transcriptional degP-lacZ fusion (Table 2). A slight 308C but was proteolytically inactive at and above 378C.
This heat lability may explain why the DPDZ1 derivativeinduction of b-gal activity was detected in strain CS50
(as PND2000, dsbA::kan). A further increase in b-gal could not complement the Ts phenotype.
To study the contribution of the individual DegP do-activity was detected in strain CS50 when malS was
moderately overexpressed from pUMA103. No increase mains to chaperone function, we carried out refolding
assays using chemically denatured MalS as a substratein b-gal activity was observed in strain PND2000 ex-
pressing properly folded MalS from pUMA103. These (Figure 7). DPDZ1 and DPDZ2 exhibited chaperone ac-
tivities that were similar to wild-type DegP. Deletion ofdata indicated that cells responded to the presence
of misfolded MalS by inducing degP promoter activity. both PDZ domains did not change the yields of recov-
ered amylase activity, but stimulation of refolding wasWhen we compared the activity of the degP-lacZ fusion
in the presence and absence of DegPS210A, the degP pro- shifted to somewhat higher DegP concentrations. These
results implicated that the protease domain itself hasmoter was always repressed in the presence of DegPS210A.
These results suggested that the chaperone activity of chaperone activity. This finding was supported by an-
other construct that contained only the two PDZ do-DegP could generally influence the folding of cell enve-
lope proteins. mains and not the protease domain (termed PDZ112).
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Here, no chaperone activity or complementation of the also have molecular chaperone activity, such as ClpA
and ClpX (Hsp100), FtsH, mitochondrial AAA complex,Ts phenotype of degP mutants was detected (Figure 7).
and mitochondrial Lon (Gottesman et al., 1997; Suzuki
et al., 1997). Sometimes, as has been shown for Hsp100,Discussion
protease subunits can work together with some of the
classical chaperone machines, such as Hsp40 andWe describe two activities of wild-type DegP and their
Hsp70, to refold aggregates (Glover and Lindquist,temperature-dependent switch. At low temperatures,
1998). Also, PIM1 and AAA proteases cooperate withDegP has general molecular chaperone activity and is
the Hsp70 system in mitochondria (Savel'ev et al., 1998).able to stimulate refolding of chemically denatured sub-
However, these are exclusively ATP-dependent sys-strates. Its proteolytic activity is almost exclusively pres-
tems, and the chaperone activities of the protease sub-ent at elevated temperatures. Only in a proteolytically
units alone seem to be weaker than those of DegP. Also,inactive DegP mutant, DegPS210A, is the chaperone activ-
a temperature dependence of proteolytic or chaperoneity present at low and high temperatures.
activity has not been reported for these or related pro-It appears plausible that at low temperatures folding
teins such as the classical heat shock chaperones.defects are more easily repaired than at elevated tem-
An interesting question is the mechanism of the tem-peratures. This hypothesis is supported by the results
perature-dependent switch from chaperone to protease.of refolding assays of chemically denatured MalS at
Indirect experimental evidence points to the involve-various temperatures. In the presence of DegPS210A, di-
ment of the active site Ser-210 in the gain of proteasesulfide bond formation in MalS was equally efficient at
and loss of chaperone activity. First, initial structure±low and high temperatures (Figure 3B). However, recov-
function data suggest that the chaperone activity is lo-ery of amylase activity was significantly lower at 378C
cated in the protease domain (Figure 7). Second, wild-and 428C (Figure 5). These data indicated that refolding
type DegP is a chaperone at low and a protease atwas only partially productive at elevated temperatures,
elevated temperatures. In contrast, DegPS210A is alwaysimplicating a practical relevance for the observed tem-
a chaperone (Figure 3B). Here, the only difference be-perature-dependent switch from chaperone to pro-
tween the protease and the chaperone mode is the pres-tease.
ence of the active site Ser. This interpretation seemsNonspecific porins of the bacterial outer membrane
justified, since the S210A mutation has no effect on theare responsible for the almost instantaneous transmis-
overall structure of DegP (Skorko-Glonek et al., 1995).sion of various environmental changes to the periplasm.
We are currently investigating the simplest model ex-A combination of chaperone and protease function in a
plaining the observed temperature-dependent switchsingle cellular factor could provide a direct and rapid
from chaperone to protease. This model suggests thatresponse to protein folding problems or the need to
the protease domain of DegP can always bind denaturedadjust protein concentration. As is the case for the clas-
or misfolded protein. Whether the substrate enters cy-sical heat shock proteins, this activity appears to be
cles of binding and release, eventually leading to properconserved during evolution: periplasmic DegP is a mem-
folding, or is proteolytically degraded could be con-
ber of a large family of related serine proteases. These
trolled by the accessibility of the active site Ser. At low
proteins, found in most organisms, including humans,
temperatures, the active site Ser could be buried or
are implicated in tolerance of various stresses such as
tilted away from the other residues of the catalytic triad.
oxidation, salt, pH, and heat stress, which all interfere After conformational change, occurring during the shift
with protein folding. Known DegP substrates comprise a from low to elevated temperatures, the Ser residue could
heterogeneous family including hybrid proteins (Strauch become properly exposed to mediate proteolysis of
and Beckwith, 1988; Guigueno et al., 1997); recombinant bound substrate. Under these conditions, chaperone
proteins (Baneyx and Georgiou, 1991; Arslan et al., function is abolished because proteolysis becomes
1998); Colicin A (Cavard, 1995); misfolded native peri- obligatory.
plasmic E. coli proteins such as MBP (Betton et al., Even if the simplicity of the proposed model seems
1998), PhoA (Sone et al., 1997), or MalS; mislocalized appealing, more complex scenarios should not be ex-
cytoplasmic proteins such as TreF (Uhland et al., submit- cluded, for example, an important role of the substrates
ted) and b-gal (Snyder and Silhavy, 1995); or individual or additional cellular factors such as protease inhibitors
subunits of higher order protein complexes such as and release factors. The latter could be involved in con-
HflKC of E. coli (Kihara and Ito, 1998) and HMW1 adhesin trolling the off rate of bound polypeptide in vivo and
of Haemophilus influenzae (St Geme and Grass, 1998). could thereby influence the fate of a given substrate.
The apparent diversity of substrates provides additional An additional point of interest is to determine the con-
evidence for a central role of DegP in stability and turn- tribution of the PDZ domains to structure and function
over of cell envelope proteins. of DegP. The PDZ domains of ClpX are sufficient to form
Folding catalysts have been identified in both prokary- oligomers and to bind substrate (Levchenko et al., 1997).
otes and eukaryotes. Numerous in vitro studies have Our data suggest that deletion of one or both PDZ do-
identified factors that catalyze slow steps in protein fold- mains has a strong effect on protease function but only
ing such as the formation of disulfide bonds or peptidyl- a small or almost no effect on chaperone function (Figure
prolyl cis-trans isomerization. A second class of proteins 7). Further work will be required to test whether the PDZ
assisting in folding of newly synthesized polypeptides domains of DegP are involved in oligomerization and
or in refolding of denatured proteins is represented by substrate binding and whether protease function re-
molecular chaperones. Only in recent years was it recog- quires an oligomeric structure while chaperone function
may not. Initial evidence for the latter is the finding thatnized that some proteases or protease subunits can
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pIC1 contains a deletion of all of DegP except the signal sequenceDegP was converted into a monomeric form after delet-
and the PDZ domains. pIC1 was obtained by amplification of theing PDZ domain 2, as was shown by gel filtration experi-
corresponding fragment of pCS20 using Vent polymerase and thements (C. S., A. B., and M. E., unpublished data).
following primers: 59-AATTGAGCTCAGTCTCAGCCGCCGTTGCA
While bacterial DegP seems to be generally important GAG AGC-39 and 59-AATTGAGCTCCTGACCTCGCAGATGGTGGAA
for the protection of the cell envelope against environ- TACG-39. The PCR product was cleaved with SacI and ligated.
mental stress, its homologs in higher organisms may
have more specific functions. The recent cloning of a Protein Purification
To purify denatured and reduced MalS, cells expressing signal-human DegP homolog, whose protease domain is .40%
sequenceless malS from pCS13 were grown in LB medium in theidentical to E. coli DegP, identified an additional regula-
presence of 0.5 mM IPTG. Cells were harvested and resuspendedtory domain, mac25, at its N terminus (Zumbrunn and
in lysis buffer (50 mM NaH2PO4, 300 mM NaCl [pH 8.0]). Cells wereTrueb, 1996; Hu et al., 1998). This finding and the tight lysed by French Press (1500 psi). Inclusion bodies containing MalS
binding of 1-antitrypsin point to a fine tuning of human were harvested by centrifugation (27,000 3 g, 20 min, 48C). To solubi-
DegP activity, which has been suggested to play a role lize inclusion bodies, the pellet was resuspended in buffer B (8 M
urea, 0.1 M NaH2PO4, 0.01 M Tris/HCl [pH 8.0]). Insoluble aggregatesin regulation of cell growth (Hu et al., 1998).
were removed by centrifugation (27,000 3 g, 10 min, room tempera-
ture [RT]). Purification under denaturing conditions using Ni-NTAExperimental Procedures
resin was done according to the manufacturer's protocol (Qiagen,
Germany). MalS was eluted with buffer E (8 M urea, 0.1 M NaH2PO4,Bacteria and Plasmids
0.01 M Tris/HCl [pH 4.5]). Purity (.95%) of the fractions was con-E. coli strains used were derivatives of MC4100 that is F2 DlacU169
trolled by SDS-PAGE stained with Coomassie brilliant blue (NeuhoffaraD136 rbsR relA rpsL thi. CLC198 is as MC4100, degP::Tn10.
et al., 1988).CS10 is as MC4100, malTcon, DmalQ, malP-lacZ, malS, malZ, dex7
DegP, DegPS210A, DegPDPDZ1, DegPDPDZ2, and the PDZ domains of(Spiess et al., 1997). CS6 is as CS10, dsbA::kan (Bardwell et al.,
DegP were purified from degP null mutants harboring plasmids1991). CS49 is as CS6, degP::Tn10. PND2000 is as MC4100, l
pCS20 or pCS21 or pIW7 or pIW5 or pIC1, respectively. Cells wereRS88(degP-lacZ) (Danese et al., 1995). CS50 is as PND2000,
harvested, resuspended in lysis buffer, and broken by French PressdsbA::kan.
(1500 psi). Cell debris was removed by centrifugation (20 min,pBAD18s is a pBR322-derived high copy number plasmid that
27,000 3 g, 48C). Purification under native conditions using Ni-NTAhas the arabinose promoter followed by a linker containing multiple
resin was done according to the manufacturer's protocol (Qiagen,restriction sites (Guzman et al., 1995). pUMA103 is a pBR322-
Germany). The proteins eluted at an imidazole concentration of 100derived plasmid that expresses malS under its own promoter
mM. Purity (.95%) of the fractions was checked on SDS-PAGE.(Schneider et al., 1992).
DegPDPDZ112 was purified from degP null mutants harboring
plasmid pIW4. Cold osmotic shock fluid was dialyzed against 20Construction of Expression Vectors
mM Tris/HCl (pH 8.2) and subjected to a Q-sepharose column. Pro-pCS10, a pACYC184 derivative (Chang and Cohen, 1978), expresses
tein was eluted by a 0±0.3 M NaCl gradient. Subsequently,degPS210A under trc promoter control. pCS10 was constructed by DegPDPDZ112 containing fractions were precipitated by ammo-cloning the degP-containing SmaI±FaunDI fragment of pPW105
nium sulfate and further purified on a Superdex 200 gel filtration(Waller and Sauer, 1996) into the HindIII-BsaBI-cleaved pACYC184.
column (Pharmacia).Prior to ligation, 39 recessed ends of vector and insert were filled
in with the large (Klenow) fragment of DNA polymerase I.
Refolding AssayspCS13, a pQE32 (Qiagen, Germany) derivative, expresses malS
Standard refolding of MalS was performed by 1:25-fold dilution ofwith a deletion of its signal sequence and an N-terminal 6-His tag
3 mg of MalS in buffer E (8 M urea, 0.1 M NaH2PO4, 0.01 M Tris/HClunder tac promoter control. pCS13 was constructed by ligating the
[pH 4.5]) in 100 mM Tris/HCl (pH 8.7). For refolding under oxidizingmalS-containing KpnI±HindIII fragment of pCS1 (Prinz et al., 1996)
conditions, reduced and oxidized glutathione were added to a finalinto KpnI-HindIII-cleaved pQE32.
concentration of 2.5 mM and 0.5 mM, respectively. Before use, DsbATo express degP and degPS210A as C-terminal His tag proteins, the
(Boehringer Mannheim, Germany), DegP, DegPS210A, or BSA was in-expression vector pQE60 (Qiagen, Germany) was altered to contain
cubated for 10 min in 100 mM Tris/HCl (pH 8.7). Refolding waslacIq. Cloning of lacIq into pQE60 was done by amplification of lacIq
carried out at the indicated temperature for 1 hr. One hundred micro-using the primers 59-CCAATATTCTAGAT CATGCGCACCCGTG-39
liter aliquots were taken to assay amylase activity. The remainingand 59-GGAATATTCTAGATTACCGTGCAGTCG ATGATAAGC-39,
400 ml was mixed with 130 ml 20% trichloroacetic acid (TCA) andboth containing XbaI sites at the 59 ends. The PCR product was cut
incubated on ice for 20 min. Proteins were pelleted by centrifugation,with XbaI and ligated to the XbaI-cleaved pQE60. The resulting
washed with cold acetone, dried, redissolved in sample buffer, andplasmid was termed pCS19. Subsequently, degP and degPS210A were
subjected to a nonreducing 10% SDS-PAGE (Laemmli, 1970).amplified by PCR from chromosomal DNA of strains MC4100 and
Preparation of guanidinium hydrochloride±denatured pig heartpCS10, respectively, using the primers 59-AAATCCATGGCGAAAAC
citrate synthase (Boehringer Mannheim, Germany) and refoldingCACATTAGCACTG-39 and 59-AACTAGATCTC TGCATTAACAGGTA
was done as described (Buchner et al., 1998). Refolding was initiatedGATGGTG-39. The resulting fragments were digested with NcoI and
by 100-fold dilution of denatured protein into refolding buffer (50BglII and cloned into the NcoI±BglII backbone of pCS19, generating
mM Tris/HCl [pH 8.0]). Chaperone activity was tested by additionpCS20 and pCS21, respectively. The sequence of cloned degP and
of equimolar concentrations of DegP and DegPS210A to the refoldingdegPS210A was verified by nucleotide sequencing.
buffer. Equimolar concentrations of lysozyme (Sigma) did not affectpIW4 contains a deletion of both PDZ domains. pIW4 was ob-
refolding.tained by cleaving pCS20 with BsmFI and BglII. 39 recessed ends
were filled in with Klenow and religated.
pIW7 contains a deletion of PDZ domain 1. pIW7 was obtained Enzyme Assays
Amylase activity was determined at RT using p-nitrophenyl-hexa-by amplification of the corresponding fragment of pCS20 using Pfu
polymerase and the following primers: 59-TCTGCCAGGAAGGTT oside (PNP6) as a substrate. Amylase assays of whole cells and of
purified and refolded MalS were carried out as described (SpiessCTC CGTTCC-39 and 59-CTCTGCTGCAGCTGCGAGGTCAGGTTTTT
CACC-39. The PCR product was cleaved with PstI and SacI and et al., 1997) with the exception of using a total volume of 100 ml and
final MalS concentrations of 1.3 to 6 mg/ml (17±80 nM).ligated into the PstI- and SacI-cleaved vector fragment of pCS20.
pIW5 contains a deletion of PDZ domain 2. pIW5 was obtained Citrate synthase assays were done as described (Buchner et al.,
1998). At time points indicated, 5 ml aliquots of refolding assaysby cleaving pCS20 with PstI and BglII. The 39 overhang of the PstI
site was cut back using T4 DNA polymerase, and the resulting frag- were added to 195 ml assay buffer (50 mM Tris/HCl [pH 8.0], 2 mM
EDTA, 0.1 mM oxalacetic acid, 0.1 mM dithio-1,4-nitrobenzoic acid,ment was religated.
Cell
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0.15 mM acetyl-coenzyme A). The change of absorbance at 405 nm Bukau, B., and Horwich, A. (1998). The Hsp70 and Hsp60 chaperone
machines. Cell 92, 351±366.was recorded online on an AnthosII microplate reader. The specific
activity of citrate synthase was calculated by using the linear slope Cavard, D. (1995). Role of DegP protease on levels of various forms
of the initial increase in absorption. of colicin A lysis protein. FEMS Microbiol. Lett. 125, 173±178.
b-gal activity of whole cells was assayed by measuring the rate of Chang, A.C.Y., and Cohen, S.N. (1978). Construction and character-
ortho-nitrophenyl-galactoside (ONPG) hydrolysis by permeabilized ization of amplifiable multicopy DNA cloning vehicles derived from
cells as described (Miller, 1972). Strains were grown to midlog phase the P15A cryptic miniplasmid. J. Bacteriol. 134, 1141±1156.
at 288C in minimal medium 9 containing 0.2% glycerol, 0.4% malt-
Danese, P., Snyder, W., Cosma, C., Davis, L., and Silhavy, T. (1995).ose, and 0.01% thiamine (Miller, 1972). Cells (0.1 ml) were mixed
The Cpx two-component signal transduction pathway of Esche-with 0.9 ml of Z buffer for each assay.
richia coli regulates transcription of the gene specifying the stress-The proteolytic activity of DegP was determined with resorufin-
inducible periplasmic protease, DegP. Genes Dev. 9, 387±398.labeled casein (Boehringer Mannheim, Germany). Fifteen microliters
Dong, J., Iuchi, S., Kwan, H., Lu, Z., and Lin, E. (1993). The deducedof resorufin-labeled casein (0.4% [w/v] in H2O) was added to 185 ml
amino acid sequence of the cloned cpxR gene suggests the proteinincubation buffer (100 mM Tris/HCl [pH 7.5]) containing 5 mg DegP.
is the cognate regulator for the membrane sensor, CpxA, in a two-Samples were protected from light and incubated overnight at 378C.
component signal transduction system of Escherichia coli. GeneThe reaction was stopped by precipitation of casein with 480 ml 6%
136, 227±230.TCA. After centrifugation (5 min, 20,800 3 g, RT), 400 ml of the
supernatant was mixed with 600 ml 0.5 M Tris/HCl (pH 9.5) to deter- Freundlieb, S., and Boos, W. (1986). a-Amylase of Escherichia coli,
mine the absorbance at 574 nm. mapping and cloning of the structural gene, malS, and identification
of its product as a periplasmic protein. J. Biol. Chem. 261, 2946±
2953.Solubility of MalS and Preparation of Cold Osmotic
Shock Fluids Glover, J., and Lindquist, S. (1998). Hsp104, Hsp70, and Hsp40: a
Solubility of periplasmic MalS was assayed by preparation of cold novel chaperone system that rescues previously aggregated pro-
osmotic shocks. Cultures for shock fluids were grown overnight in teins. Cell 94, 73±82.
minimal medium 9 supplemented with 0.2% casamino acids. The Gottesman, S. (1996). Proteases and their targets in Escherichia
preparation of shock fluids was carried out as described (Spiess coli. Annu. Rev. Genet. 30, 465±506.
et al., 1997). The pellet fraction, containing insoluble periplasmic
Gottesman, S., Wickner, S., and Maurizi, M. (1997). Protein qualityprotein, was dissolved in 8 M urea, 50 mM Tris/HCl (pH 7.5). Samples
control: triage by chaperones and proteases. Genes Dev. 11,were TCA precipitated and dissolved in sample buffer.
815±823.
Guigueno, A., Belin, P., and Boquet, P. (1997). Defective export inFluorescence Spectroscopy
Escherichia coli caused by DsbA9-PhoA hybrid proteins whoseEmission fluorescence spectra of DegP were taken on a Perkin
DsbA9 domain cannot fold into a conformation resistant to periplas-Elmer LS 650-40 spectrofluorimeter at the indicated temperatures.
mic proteases. J. Bacteriol. 179, 3260±3269.The excitation wavelength was 280 nm, and DegP-specific emission
Guzman, L.-M., Belin, D., Carson, M., and Beckwith, J. (1995). Tightwas observed at 308 nm. Emission spectra were recorded from 200
regulation, modulation, and high-level expression by vectors con-to 420 nm.
taining the arabinose PBAD promoter. J. Bacteriol. 177, 4121±4130.
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